The antiquity of the practice of grazing on and/or foddering with seaweed is of interest in 29 terms of understanding animal management practices in northwest Europe, where 30 provision had to be made for overwintering. Orkney holds a special place in this 31 discussion, since the sheep of North Ronaldsay have been confined to the seashores 32 since the early nineteenth century, and are entirely adapted to a diet consisting mainly 33 of seaweeds. Here, we report the results of stable carbon and nitrogen isotope analysis 34 of twenty-five faunal specimens from the Neolithic chambered tomb of Quanterness, 35
Introduction 49
The Orkney, where a sea-wall was built around the entire island's circumference in the early 60
19
th century to confine sheep to the seashore for most of the year (Fenton 1978; 61
Hansen et al. 2003). Thus the question arises as to when this practice first emerged. 62
The fact that consumption of seaweed leaves a distinct signal in the animals' stable 63 though the exact length of time represented will depend on the rate of remodeling of the 80 sampled bone, but will always be more rapid in young, growing animals. The ratios of 81 stable C and N isotopes incorporated into animal tissues are driven by the isotopic 82 composition of major dietary sources. Marine organisms, including seaweed, shellfish, 83 fish and sea mammals, are enriched in 13 C relative to 12 C due to the fact that the ocean 84 serves as a sink for the heavier isotope (Boutton 1991; Sharp 2007) . As a result, 85 organisms obtaining a significant proportion of their dietary protein from marine foods 86 will exhibit higher δ 13 C values (ca. -12 ± 1‰) than those subsisting solely on C 3 87 terrestrial foods, which provide lower values (ca. -21 ± 1‰) for bone collagen (Richards 88 and Hedges 1999). The consumption of C 4 plants such as maize and millet would result 89 in even higher bone collagen values than the consumption of marine foods, but as no 90 such plants were found in northwest Europe during the study period, they need not be 91 
Materials and Methods 111
The Quanterness chambered tomb is located near the east-central coast of Mainland 112 Orkney, northern Scotland (Figure 1 ). It serves as one of the two type-sites for the 113 Quanterness-Quoyness type of passage tomb (also known as the Maes-Howe type). 114
Excavated by Colin Renfrew in the 1970s (Renfrew 1979) , the site yielded a large 115 human skeletal assemblage (Crozier 2012), as well as ceramic, lithic and faunal 116 remains. A recent dating programme focusing on the human remains placed the use of 117 the monument for burial in the second half of the fourth millennium BC, continuing into 118 the first quarter of the third millennium (Schulting et al. 2010) . The original dating 119 programme also identified one example (Pit C) of deposition of human remains in the 120 third quarter of the third millennium BC (Renfrew 1979 and corrected for isotopic fractionation using the AMS-measured δ 13 C to account for 160 both natural and machine fractionation. The 14 C age and associated error were 161 calculated using the Libby half-life (5568 years) following the conventions of Stuiver and 162 Polach (1977) . Nine samples were selected, targeting all the domestic species 163 represented at Quanterness, as well as one of the small number of red deer elements. 164
The main focus, however, was on sheep, since firstly, this taxon dominates the faunal 165 assemblage (Clutton-Brock 1979), and secondly, the δ 13 C results highlighted 166 considerable variability, and the sources of this variation were of particular interest. All 167 calibrated dates are reported at 95.4% confidence. 168 169
Results 170
The faunal stable isotope results from Quanterness are provided in Table 1 The six cattle values cluster tightly at -21.5 ± 0.3‰ and 5.7 ± 0.6‰ for δ Table 3 . Results of 14 C dating. Mixed marine-terrestrial curves are used for the three 209 young sheep with significantly elevated δ 13 C values (Reimer et al. 2013 ).
211
The radiocarbon dating results range widely, from 4499 ± 32 BP (UBA-18429) to 908 ± 212 25 BP (UBA-18427) ( Table 3) 2016). Ambers (1990) also found no evidence for the practice in prehistoric Orkney, in a 400 study using δ 13 C measurements on bone collagen. 401
402
Given that only very young animals show a distinct 'marine' δ 13 C signal, it is possible 403 that foddering pregnant ewes with seaweed was in fact a last resort when terrestrial 404 resources failed, so that young animals born when their mothers had been on this diet 405 were more likely to die, and hence retain elevated δ 13 C values in their bone collagen. 406
This is reminiscent of a recent study of sequential human dentine isotope 407 measurements from a Neolithic site on the small island of West Voe, Shetland, showing 408 that those individuals with periodic high use of marine resources were more likely to die 409 young (Montgomery et al. 2013) . In both cases the burial assemblage is intrinsically 410 biased by differential survivorship -the classic 'osteological paradox' (Wood et al. 411 1992) . 412 413
Implications for Neolithic human diet 414
The evidence for seaweed consumption by pregnant ewes, seen most clearly in 415 newborn lambs, raises questions regarding their impact on human diets. Essentially, a 416 'marine' isotopic signal could be introduced through the consumption of a terrestrial 417 Another finding to emerge from this study is that the use of direct radiocarbon dating of 432 at least a sample of faunal remains is essential in those cases where the 433 contemporaneity of the faunal assemblage cannot be securely assigned to a phase on 434 archaeological/stratigraphic grounds. This is highlighted here by the fact that only three 435 of the nine determinations returned results coeval with the use of the chambered tomb 436 for burial in the Late Neolithic. Despite the presence of intrusive fauna, it is interesting to 437 note that the early dates include one of the three pigs represented in the study. Pigs are 438 relatively rare in Orcadian Neolithic faunal assemblages, and this can be explained by 439 the limited availability of natural habitat suited to their foraging preferences (i.e., 440 woodland). Hence, they would likely need to be supplied with food at least some of 441 Assuming that the other two animals are also later intrusions, it is clear that using these 462 results for formal palaeodietary modelling of the human isotopic results could be highly 463 misleading. If it is confirmed that all three are late, a question is raised over why they 464 should be depleted in 13 C during this period. 465 466
Conclusions 467
The faunal δ 13 C and δ 15 N data from Quanterness provide further evidence for the 468 consumption of seaweeds, probably by pregnant ewes, on Orkney from the late fourth 469 millennium BC, with additional cases in both the early and late third millennium, 470 extending the temporal range of this practice into the Chalcolithic. However, the extent 471 to which this was part of an ongoing, intentional management strategy remains unclear. effort, which could also include dental microwear analysis (e.g., Mainland et al. 2016) , 486 which has been shown to be capable of distinguishing between seaweed and grass 487 grazing sheep (Mainland 2000) . There is currently an impression that the practice did 488 not continue into later prehistory, suggesting that perhaps it was not particularly 489 successful as a management strategy, at least until revived in the nineteenth century on 490
North Ronaldsay. It should not be assumed that once a new farming practice appears, it 491 will continue to be used thereafter. Future research will need to focus on immature 492 animals and sequential sampling of both enamel and dentine. distance from erj (mm)
